Development of high performance lubricants for hot forging of steel has been strongly needed to expand die life and to improve working environment at factories. Thereupon, graphite lubricants have been altered into non-graphite lubricants in hot forging of simple parts. However, these non-graphite lubricants have insufficient property. In this paper, low-speed ring compression test was proposed to estimate the frictional property of lubricants for hot forging of steel. It was found that each lubricant has critical temperature less than 450 to reduce the friction between the dies and the 1000 billet.
Introduction
A high performance lubricant has been developed to improve working environment at factories for hot forging of steel. Graphite lubricants have been altered into non-graphite lubricants in hot forging [1] . Nonoyama et al. [2] developed the new lubrication method using glass with a low melting point to apply to backward can extrusion in warm forging of steel. Yang et al. [3] closely investigated the dynamics of lubricant deposition on hot die. They have analyzed the mechanism of the evaporation of lubricant basically [4] . They give important and basic information of lubrication for hot forging. Gracious et al. [5] developed the new solid lubricant for hot forging of aluminum. The authors [6] found the combination of a nitrided die and a lubricant to reduce galling for hot forging of aluminum. However, lubrication conditions in hot forging for steel are severer than aluminum due to high pressure and temperature. Especially, for complicated large parts the short die life has been still a big problem in hot forging of steel. In this paper, the frictional properties of the typical non-graphite lubricants for hot forging of steel are estimated by a low-speed ring compression test. It was found that each lubricant has critical temperature less than 450 for thermal resistance to reduce the friction between a hot billet at 1000 and a die.
Testing methods and conditions
Fig . 1 shows the conditions of ring compression test. The ring billet is made of 0.45% carbon steel, and has geometries of 30 mm in outer diameter, 15 mm in inner diameter, and 10 mm in height. This billet is heated with an induction heater in air. The elevated temperature of billet is a range of 1060 C to 1120 C. The reduction in height is in a range of 40% to 49%. The dies are made of high-speed die steel as quenched and tempered. Testing lubricants are three conventional graphite type lubricants: B1, B2, B3 and seven commercial non-graphite type lubricants: W1, W2, W3, W4, W5, W6, and W7. These lubricants are sprayed even to the dies. The lubricants covered with the dies. The covering amount is in the range of 2 to 45 g/m 2 . The dies are pre-heated at 200 C to dry the sprayed lubricants. The dies are cooled to room temperature for easy setting on a mechanical press or a hydraulic press in these tests. This unrealistic setting will be improved in the future work. The results of thermogravimetry and thermal differential analysis of the lubricants are shown in Fig. 2 and Fig.  3 , respectively. The testing lubricants are dried to make 2-mg sample for these analyses. Each sample is heated from room temperature to 1000 C in air at a heating rate of 5 degrees per minute. It is indicated that a large amount of the non-graphite type lubricants rapidly decrease with strong exothermic reaction between 350 and 550 C. This means that the lubricants were resolved into gas around the elevated temperature. It can be presumed that the performance of the non-graphite lubricants deteriorates if the main components of the lubricants are considerably damaged between 350 and 550 C. However, the lubricating performance of the lubricants is difficult to be estimated by these results of thermogravimetry and thermal differential analysis only. Fig. 4 shows comparison between frictional coefficients determined by two types of ring compression tests for ten lubricants. In one type of high-speed ring compress test, a mechanical press is used. In another type of lowspeed ring compression test, a hydraulic press is used. When the mechanical press is used, the average compression speeds v is 38 mm/s and a compression time t is 0.12 seconds. When the hydraulic press is used, v = 1.3 mm/s and t = 3.3 seconds.
Low-speed and high-speed ring compression test

Influence of pressing speed on results of ring compression test
The graphite type lubricants and the non-graphite type lubricants show nearly the same frictional coefficients as 0.13 to 0.15 in the case of using the mechanical press. These results indicate the improvement of lubrication performance of the non-graphite lubricants when the mechanical press is used at least. However, the non-graphite type lubricants show higher frictional coefficients than graphite type lubricants when the hydraulic press is used. Since the hydraulic press takes a longer contact time than the mechanical press, the long contact time leads to a severer frictional condition between the dies and the hot billet. Fig. 5 shows influence of lubricant amounts on fractional coefficient by low-speed ring compression test. The conventional graphite type lubricants of B1, B2, and B3 show the frictional coefficients within a range of 0.11 and 0.15 when the amounts of these lubricants are between 2 and 45 g/m 2 . Thus, the graphite type lubricants have an advantageous property of low and stable friction whenever so small amount (for example, 2 g/m 2 ) of the lubricant is applied to the dies. The non-graphite type lubricant of W3 shows the frictional coefficients within a range of 0.15 to 0.18. This lubricant of W3 shows the next lower frictional coefficients after the graphite type lubricants. For the other nongraphite type lubricants of W4, W5, and W7 the frictional coefficients increase as the amount of these lubricants decreases. These non-graphite type lubricants are influence of the lubricant amounts on the frictional coefficients. Particularly, when the lubricant amount is small or the lubricant film is thin, the non-graphite type lubricants tend to be damaged by the billet heated at 1000 C. Fig.6 shows the influence of heat treatment of the lubricants on frictional coefficient by the low-speed ring compression test. In this heat treatment, the lubricants are heated at 300 C, 350 C, or 400 C for 3hours and they are heated at 450 C for 4 hours by using an electric furnace in an atmosphere of air. The frictional coefficients for the lubricants heat-untreated by heat are also showed for a reference. If the components of these lubricants are damaged by the heat-treatment, the frictional coefficients between the dies and the ring billet increase. The lubricants heat-treated at 300 C show almost the same frictional coefficients as the heat-untreated lubricants show. The lubricants heat-treated at 350 C show a little inclination to be higher frictional coefficients than the heatuntreated or 300 C-treated lubricant. The frictional coefficients of W1, W5, and W7 rapidly increase when the temperature of the heat treatment rises up to 400 C. The lubricants of W5 and W7 keep no lubrication performance to reduce friction between the dies and the billet. The frictional performance of W1 declines. Moreover, the lubricant performance of W1 is lost and that of W4 declines after they were heat-treated at 450 C. However, the W2 keeps nearly the same level of frictional coefficient as the graphite type lubricant of B1except a small difference.
Influence of lubricant amounts on frictional coefficient using ring compression test
Influence of heat-treated temperature of lubricant before ring compression test
From these results, it is found that the lubricants have critical temperature to reduce the friction between the dies and the billet. The low-speed ring compression test will contribute to development or improvement of non-graphite type lubricant if this critical temperature helps to determine what effective components in reducing the friction are. From the results of thermogravimetry as shown in Fig. 2 , the amount of the lubricants decreased with increasing temperature. Furthermore, this reduction in the amount of the lubricants leads to increase in frictional coefficients between the dies and the billet.
Thus, Fig. 7 also shows the relationship between the residual amount of the lubricants detected by thermogravimetry and the frictional coefficient measured by low-speed ring compression test. As the residual amount of lubricants decreases, the frictional coefficient increases.
The graphite lubricant of B1 and the non-graphite lubricant of W2 show lower frictional coefficients than other. It was found that W2 indicated nearly the same frictional coefficient as B1. Thus, the low-speed ring compression test for the heat-treated lubricants contributed to find the lubricant of W2 demonstrating the high performance of lubrication.
The lubricant of W1 declines the high performance to reduce friction when the residual amount of this W1 decreases in about 70%. The lubricants of W4, W5, and W7 show the same frictional coefficients when they are heat-untreated. However, W5 and W7 considerably decrease in the lubrication performance when the residual amount of W5 and W7 is less than 90%, while W4 gradually increases in friction when the residual amount of lubricant is larger than 70%. The lubricant of W4 rapidly increases in friction when the residual amount decreases below 70%. These lubricants have large differences in a critical residual amount that the friction begins to rise rapidly.
The lubricants of W1, W2, and W4 show a tendency to keep the lubrication performance even if the residual amount of lubricant decreases until about 80%. However, in the case of W5 and W7, a small reduction in the By the low-speed ring compression test, it was determined that the decrease in quantity of the lubricant and the deterioration of quality of the lubricants leads to decline the lubrication performance.
Conclusions
Typical lubricants for hot forging of steel were estimated by a high-speed ring compression test using a mechanical press and by a low-speed ring compression test using a hydraulic press. The following results were obtained: (1) There is a small difference in the frictional performance of the graphite type lubricants and the non-graphite type lubricant when the mechanical press is used. However, most non-graphite type lubricants show the higher frictional coefficients than the graphite type lubricant when the hydraulic press is used with the long contact time. This long contact time with heating at high temperature must bring the lubricants under a severer frictional condition. It was found that a tested non-graphite lubricant indicated nearly the same frictional coefficient as the graphite type lubricant in the high-and low-speed ring compression test. (2) The graphite type lubricants demonstrated low friction whenever so small amount of the lubricant is applied to the dies. The non-graphite type lubricants, however, declined in the lubrication performance because the lubricants tend to be damaged by a hot billet heated at 1000 C. (3) By referring to the results of TG and DTA of the non-graphite lubricant, after these lubricants were heattreated at 300ºC, 350ºC, 400ºC, and 450ºC, the lubrication performance of the lubricants were also estimated by the low-speed ring compression test. It was found that the lubricants retained the lubrication performance below each heat-treatment temperature less than 450ºC. This temperature means a critical temperature to help us find out effective components for a higher performance lubricant for hot forging.
The critical temperature of the lubricant is related to a heat transfer of lubricant between the die and the hot billet. In the future work, hot forging will be analyzed with considering this heat transfer.
